12 13 Observational evidence indicates that the southern edge of the Hadley Cell has shifted 14 southward during austral summer in recent decades. However, there is no consensus on 15 the cause of this shift, with several studies reaching opposite conclusions as to the 16 relative role of changes in sea surface temperatures (SSTs) and stratospheric ozone 17 depletion in causing this shift. Here we perform a meta analysis of the extant literature on 18 this subject, and quantitatively compare the results of all published studies that have used 19 single-forcing model integrations to isolate the role of different factors on the HC 20 expansion during austral summer. We show that the weight of the evidence clearly 21 points to stratospheric ozone depletion as the dominant driver of the tropical summertime 22 expansion over the period in which ozone hole was formed (1979 to late 1990s), 23 although SST trends have contributed to trends since then. Studies that have claimed 24 SSTs as the major driver of tropical expansion since 1979 have used prescribed ozone 25 fields that underrepresent the observed Antarctic ozone depletion. 26 27 28
Introduction 29 30
Analysis of observations and meteorological reanalyzes show a poleward expansion of 31 the Hadley Cell (HC) circulation since 1979, although there is uncertainty in the exact 32 rate of expansion (Hu and Fu, 2007; Seidel et al., 2008; Davis and Rosenlof, 2012) . 33
Climate models are generally unable to reproduce the magnitude of the observed 34 expansion, and the search for the cause of the expansion is still ongoing. 35
In the southern hemisphere (SH) the largest poleward shift in the edge of the HC occurs 36 during summer (Davis & Rosenlof 2012) , so we will confine our discussion to this 37 season. Several previous studies have examined the role of different possible drivers in 38 causing the austral summertime expansion, but they have reached contradictory (2014) conclude that warming sea surface temperatures (SSTs) are the "main driver", 45 "principal mechanism", or "can account" for the HC expansion. Hence, the relative 46 importance of SSTs and ozone depletion for recent SH trends remains in dispute. 47
The goal of this paper is to shed light on the reasons for these inconsistent claims. We do 48 this by performing a meta analysis that quantitatively compares the results from studies 49 that have used single-forcing model integrations to isolate the role of SSTs and other 50 factors on the HC expansion in the SH. For simplicity, and to avoid adding further 51 4 confusion, we consider a single metric for the HC extent that is common to all studies, 52 and scrutinize the specifics (e.g., applied forcings and integration length) of the model 53 runs analyzed in each paper. We conclude that the weight of the evidence clearly points 54 to stratospheric ozone depletion as the dominant driver of the expansion of the HC since 55 1979. Single-forcing modeling studies that have claimed SSTs to be the major influence 56 on tropical expansion, we here show, have used prescribed ozone fields that grossly 57 underrepresent Antarctic ozone depletion. 58 59
Methods 60 61
In this analysis we quantitatively compare the results from several previous studies (listed 62
in Table 1 ) that have used single-forcing model integrations to isolate the role of SSTs on 63 the expansion of the southern hemisphere HC during austral summer. To help understand 64 the cause of differences among some of these studies, we also examine the HC trends in a 65 new set of integrations using the Goddard Earth Observing System Chemistry-Climate 66 Model (GEOSCCM) (Garfinkel et al. 2015) . 67
68
While all studies isolate the role of different factors in causing changes in the 69 tropospheric circulation, they greatly differ in their design. They differ in (i) whether 70 integrations are from a single model or from multiple models (with latter being 71 "ensembles of opportunity" where other factors differ between the models), (ii) whether 72
SSTs are prescribed or computed interactively within the model, (iii) whether 73 stratospheric ozone is prescribed as zonal-mean values or computed using interactive 74 chemistry, (iv) the forcing agents (SSTs, GHGs, O 3 ) that are isolated, (v) whether 75 "transient" or "time-slice" integrations are performed and (vi) the time periods 76 considered. Table 1 lists each of these characteristics for the different studies. 77
78
With regard to isolating the response to different forcing agents, the studies varied in 79 whether the impact of SSTs alone or the combined impact of SSTs and GHGs were 80 isolated. In models with prescribed SSTs the role of CO 2 and SSTs can be isolated 81 separately, but for coupled atmosphere-ocean models this is not possible and only the 82 combined impact of CO 2 and SSTs can be isolated. However, previous studies have 83
shown that the response in integrations where both CO 2 and SSTs change is very similar The studies also differed in the metrics used to quantify changes in the tropospheric 88 circulation, which adds to the confusion. Fortunately, all studies reported the latitude 89
where the meridional mass stream function at 500 hPa is zero as a diagnostic of the edge 90 of the HC. We therefore focus on that metric in this paper, as it allows us to perform a 91 meaningful quantitative comparison across this wide array of studies. The results of the comparison described above are summarized in Figure 1a for the 122 studies listed in Table 1 1980-1999 and (right) 1980-2009. 348 Errors bars correspond to twice the standard error for the Son 
